A randomized comparison of off-pump and on-pump multivessel coronary-artery bypass surgery. The New England journal of medicine, 350 background The effect of the use of coronary-artery bypass surgery without cardiopulmonary bypass and cardiac arrest ("off pump") on graft patency remains uncertain. We undertook a prospective, randomized, controlled study to compare graft-patency rates and clinical outcomes in off-pump surgery with conventional, "on-pump" surgery.
oronary-artery bypass grafting performed with cardiopulmonary bypass and cardiac arrest ("on pump") provides a motionless, bloodless surgical field, allowing optimal conditions for the construction of coronary anastomoses. Cardiopulmonary bypass is believed by many to be a major cause of postoperative morbidity, including neuropsychological impairment, 1, 2 and the resurgence of interest in surgery without cardiopulmonary bypass ("off pump") reflects an attempt to avoid the morbidity associated with cardiopulmonary bypass. [3] [4] [5] The development of modern stabilizers has made off-pump coronary surgery accessible and technically feasible. 6 There is evidence that as compared with on-pump surgery, off-pump surgery may decrease the incidence of myocardial injury, 7 renal damage, 8 and injury to the brain. 9 Previous randomized studies have shown a shorter length of stay, a reduced use of transfusion products, a reduced incidence of coagulopathy, and a lower frequency of atrial fibrillation in patients who undergo off-pump surgery. 10- 12 On the other hand, there is some evidence that off-pump surgery increases the risk of recurrent angina and the need for reintervention, suggesting poor graft quality or incomplete revascularization. 13, 14 There is insufficient evidence from randomized studies comparing graft patency in patients undergoing off-pump coronary surgery with graft patency in those undergoing on-pump surgery, and there have been few studies of unselected patients requiring multivessel grafting. We evaluated graft patency and quality in a randomized study comparing onpump with off-pump surgery.
study design and patients
This was a prospective, randomized study performed at a single center. Patients who were referred for isolated, first-time coronary-artery surgery and who required at least three grafts were eligible. All angiograms were reviewed, and a surgical plan was documented before randomization. Exclusion criteria were as follows: an age of less than 30 years or more than 80 years; an indication for additional surgical procedures; documented stroke within the preceding six months; carotid-artery stenosis of more than 70 percent; documented myocardial infarction in the preceding three months; poor left ventricular function, with an ejection fraction of less than 20 percent; pregnancy and breast-feeding; an inability to provide written informed consent; and a history of complications after diagnostic angiography.
The Royal Brompton and Harefield Research Ethics Committee approved the study. Written informed consent was obtained from all patients. Patients were randomly assigned in equal proportions to undergo on-pump or off-pump coronary-artery bypass grafting. Randomization was stratified according to the surgeon, so that both surgeons performed similar numbers of on-and off-pump procedures. We began to perform off-pump surgery two years before the study began. During this period, 98 of 753 isolated coronary-artery bypass grafts (13 percent) performed by the participating surgeons were done off pump.
treatment and procedures
Troponin T was measured in patients as a marker of cardiac damage. Levels were measured at base line (during the induction of anesthesia) and at 6, 12, 24, 48, and 72 hours. Samples were spun and frozen to ¡80°C within 30 minutes after collection and were analyzed in batches. Samples were analyzed for cardiac troponin T with the use of the Troponin T STAT Immunoassay (Elecsys 1010/2010 Systems, Roche).
A standardized anesthetic protocol was used throughout the study. Cardiopulmonary bypass was established in a standardized manner, with the use of a membrane oxygenator and a roller pump and without the use of cardiotomy suction. The heart was exposed through a median-sternotomy incision. The Octopus stabilizer (Medtronic) was used for the off-pump group. During on-pump surgery, patients were cooled to 32°C, whereas during offpump surgery, patients were actively warmed to maintain a core temperature not lower than 35°C. Cold-blood cardioplegia was accomplished with anterograde delivery through the aortic root and retrograde delivery through the coronary sinus. A heparinization protocol of 300 U per kilogram for on-pump surgery and half-dose heparin for offpump surgery was followed. Protamine was used to reverse the effects of heparinization only in the on-pump group. All anastomoses were sutured by hand. In the off-pump group, intracoronary shunts were not used routinely; indications for use included poor visibility, ST-segment changes, and hemodynamic instability. A standardized protocol for immediate postoperative care was followed in the adult intensive care unit, including antiplatelet therapy c methods (300 mg of aspirin six hours after surgery, followed by a daily dose of 150 mg).
follow-up
All patients were followed for three months after the operation, at which time they were scheduled to undergo coronary angiography. Adverse events and symptom status were recorded for all patients, including those who were not willing to return for angiography. Left-heart catheterization was performed with the use of a standard Judkins technique by an experienced interventional cardiologist. Whenever possible, the pedicled left internal thoracic-artery graft was selectively intubated, and images were obtained in multiple projections. When grafts could not be identified, an aortogram was obtained. Native vessels were investigated only if a blocked graft was found. All angiograms were interpreted by an interventional cardiologist who was unaware of the patients' original study assignments and who did not perform the repeated angiography. Patency was defined as any flow through both the graft and the native vessel. The graft was said to be nonpatent if a stump was seen or if there was no flow on the aortogram.
Images were acquired digitally in a Siemens cardiac catheter laboratory calibrated for spatial distortion for quantitative coronary angiography. All digital images were analyzed in a blinded fashion by an experienced observer. The optimal frame and projection were selected to show the anastomosis of the left internal thoracic artery to the left anterior descending artery with the least foreshortening and overlap and then analyzed with the use of CMS software, version 4.1 (Medis). Automated edge detection was then manually adjusted, and stenoses at the point of anastomosis were quantified both as the minimal luminal diameter in absolute measurements (millimeters) and as the percentage of the reference diameter, which was the normal diameter of the left internal thoracic artery just proximal to the anastomosis.
statistical analysis
The study was powered to detect a difference in the minimal luminal diameter between the on-pump and off-pump groups of 0.3 mm, with an assumed standard deviation of 0.5 mm (a power of 80 percent and a two-sided alpha level of 0.05), given the enrollment of 100 patients. Means ( ± SD) were used to describe the continuous variables, and frequencies were calculated for categorical variables. Dif-ferences between treatment groups were compared with the use of a two-sided type I error Student's t-test or the Mann-Whitney U test for continuous variables. The chi-square test was used for categorical variables. To analyze data on plasma troponin T levels, the area under the concentration-time curve was calculated by the trapezoidal method for each patient, and treatment-related differences in the area under the curve were then compared by Student's t-test. The outcome variables were analyzed on an intention-to-treat basis. All reported P values are two-sided. No interim analyses were carried out during the course of this study.
patient population
From January 2000 to January 2002, 104 patients underwent randomization: 50 to on-pump surgery and 54 to off-pump surgery. One patient in the onpump group was found to have inoperable lung carcinoma after randomization and did not undergo coronary-artery bypass grafting. The analyses are based on the remaining 103 patients.
Most base-line characteristics were similar in the two groups (Table 1) ; the mean age was 64.7 years in the on-pump group and 62.0 years in the off-pump group. The distribution of patients in Canadian Cardiovascular Society classes and New York Heart Association classes was similar in the two groups. There was a significant difference in the mean planned number of grafts (3.6 in the on-pump group vs. 3.2 in the off-pump group, P=0.003). Twenty-seven percent of patients had diabetes, and 44 percent of patients had had a myocardial infarction.
operative data
Intraoperative data are given in Table 1 . Two patients who were randomly assigned to off-pump surgery were switched intraoperatively to on-pump surgery, owing to intractable ventricular tachycardia in one patient and to an intramyocardial left anterior descending artery in the other. There was no significant difference in the quality of the native vessels between the two groups, as assessed by the surgeon with the use of a simple qualitative scale. The numbers of grafts per patient were similar in the two groups (3.4 in the on-pump group and 3.1 in the off-pump group), as were the territories grafted. The index of completeness (the number of grafts performed÷the number of grafts planned) was sim- ilar in the two groups. A higher proportion of patients in the off-pump group than in the on-pump group received radial-artery grafts (74 percent vs. 55 percent, P=0.04), and the mean time required per anastomosis was longer in the off-pump group (13.1 minutes vs. 9.5 minutes, P<0.001).
immediate postoperative period Table 2 shows the postoperative data and adverse events. There were no deaths. In the on-pump group, two patients required resternotomy because of hemorrhage during the immediate postoperative period.
In the off-pump group, there was a single myocardial infarction. The mean blood loss was not significantly different between the two groups (898 ml in the on-pump group and 1031 ml in the off-pump group). However, patients in the on-pump group were more likely to receive packed-cell transfusion (P=0.004) or clotting-product transfusion (P= 0.002). There was no significant difference in the mean time to extubation or the median postoperative hospital stay between the two groups. Figure 1 shows mean troponin T levels over time in the two groups. Troponin T levels were significantly higher in the on-pump group than in the offpump group 6 and 12 hours postoperatively (P< 0.001 for both comparisons), but this difference had disappeared by 24 hours. There was a significant difference in the mean area under the curve of troponin T values (30.96 hr·µg per liter in the onpump group and 19.33 hr·µg per liter in the offpump group, P=0.02).
three-month follow-up and angiography
At three months, the distribution of patients in Canadian Cardiovascular Society classes and New York Heart Association classes was similar in the two groups, as was the incidence of adverse events, including hospitalization. No deaths, myocardial infarctions, or cerebrovascular accidents occurred during this time.
Follow-up angiographic data were available for 82 patients (39 patients in the on-pump group and 43 in the off-pump group) ( Table 3 ). The remainder were not willing to undergo repeated angiography. There were no systematic clinical differences between those who underwent repeated angiography and those who did not. Table 3 and Figure 2 show the patency rates in each territory. The overall patency rate for grafts performed on pump was significantly higher than the patency rate for those performed off pump (98 percent vs. 88 percent, P= 0.002). This difference was observed in the territory of the right coronary artery (P=0.01) and the territory of the left anterior descending artery (P=0.07). Significantly more radial-artery grafts were used in * Plus-minus values are means ±SD. EF denotes ejection fraction, and NA not applicable. † To convert values for creatinine to milligrams per deciliter, divide by 88.4. the off-pump group, with a lower patency rate in this group than in the on-pump group (76 percent vs. 100 percent, P=0.01).
quantitative coronary angiography Table 3 shows the quantitative coronary angiographic analysis of the anastomosis of the left internal thoracic artery to the left anterior descending artery. There was no significant difference between the groups in the percentage of stenosis measured at this site, although there was a trend toward a higher percentage of stenosis in the off-pump group than in the on-pump group (mean, 34.67 ± 34.53 percent vs. 21.19 ± 26.38 percent, P=0.06).
We found that the patency rate for grafts performed off pump was lower at three months than that for grafts performed on pump (overall patency, 88 percent vs. 98 percent). The territory of the left anterior descending artery, often described as the easiest territory to graft off pump, also had a lower rate of patency in the off-pump group. Radial-artery grafts appear to be the most vulnerable conduit in the offpump group. We have considered possible reasons for the reduced patency rate in our off-pump group. The anticoagulation regimen differed in this group, with only half-dose heparinization during the formation of the anastomoses. This practice is widely accepted, 15 and there have been no reports to suggest that it increases the risk of graft occlusion. All patients in both groups received the same regimen of antiplatelet therapy. The two surgeons performed similar numbers of on-pump and off-pump procedures for the study. In the two years preceding the study, the surgeons performed 13 percent of their coronary work off pump. Off-pump surgery is technically more demanding than on-pump surgery because the operative field is less stable and less visible. The learning curve for this procedure is probably substantial and may be longer than we anticipated. One should bear this in mind when interpreting our results. We used an unselected population of patients, many of whom had diseased target vessels. A more selective approach to the target vessel might yield better results for off-pump surgery.
We chose to perform angiography at three months, since any edema at the site of anastomosis would have resolved by this time. The rate of compliance with repeated coronary angiography was 80 percent, which compares favorably with compliance rates in other studies. 15 We measured differences in the quality of the anastomosis of the left internal thoracic artery to the left anterior descending artery, using previously described techniques, 16 and these results reflect our patency rate.
Our findings with respect to clinical outcomes and troponin T levels are consistent with findings from other studies of off-pump surgery, showing discussion * Plus-minus values are means ±SD. NA denotes not applicable, and ICU intensive care unit. reduced release of cardiac-specific proteins and a low rate of adverse events. 10-12 However, the rate of graft patency in our off-pump group was lower than that in the few other studies in which this was investigated. 15, 17 The only other randomized study investigating graft patency found no significant differences in patency rates between the two groups, but only 25 percent of patients were reevaluated. 15 In that study, the overall patency rate was 93 percent in the on-pump group and 91 percent in the off-pump group (absolute difference, 2.0 percentage points; 95 percent confidence interval, 6.5 to 10.4). The on-pump patency rate was lower than in our study (93 percent vs. 98 percent); our rate of 98 percent in the on-pump group is at the high end of the reported range and may skew the results. The absence of a significant difference in patency rates in the earlier study may be due in part to the small proportion of patients who underwent repeated angiography. Another important difference is that the number of grafts per patient was lower in that study than in ours (2.6 in the on-pump group and 2.4 in the off-pump group, as compared with 3.4 and 3.1, respectively). Nonrandomized studies have consistently shown excellent patency rates for off-pump surgery, but the majority of these studies involved patients who were receiving one or two grafts, with a lower proportion of patients receiving circumflex-artery grafts, indicating a highly selected population. [17] [18] [19] Other studies have included low-risk patients with preserved left ventricular function who required one or two grafts. 15, 18 Our patients represent a population with true multivessel disease; a quarter of our patients had a left ventricular ejection fraction of less than 50 percent, and almost half of our patients had a previous myocardial infarction. Twenty-* Plus-minus values are means ±SD. CI denotes confidence interval.
† Follow-up angiographic data were available for 39 patients in the on-pump group and 43 in the off-pump group. seven percent of patients in our study had diabetes, as compared with 17 percent in the on-pump group and 9 percent in the off-pump group in the study by Nathoe et al. 15 Troponin T levels were higher in the on-pump group than in the off-pump group 6 and 12 hours postoperatively, but this difference had disappeared by 24 hours. The area under the curve, representing total protein release, confirms that the level was higher in the on-pump group. These short-lived elevations in the levels of troponin T may not represent true myocyte death or injury. 20 Short-term outcomes in terms of major adverse events at discharge and at three months were similar in the two groups. In the immediate postoperative period, fewer patients in the off-pump group required transfusions of blood or clotting products. The difference may be clinically important. However, the use of protocol-driven care in the immediate postoperative period and hemodilution may account in part for the difference.
The practice of off-pump coronary surgery has not been widely adopted; only 8.8 percent of all coronary-artery bypass operations performed in the United States between January 1999 and January 2001 were performed off pump. 21 Mack et al. 22 found that off-pump surgery is performed to a large extent by early pioneers in the field, who -even before the advent of off-pump surgery -were the surgeons in their units whose patients had lower operative mortality rates and better outcomes. Thus, previous off-pump results may be better because the surgeons who choose to perform this operation are highly skilled. 22 In contrast to the findings of Mack et al. and in answer to the questions raised by Bonchek in the editorial accompanying their report, 23 we have shown that the surgeon's skill was not a factor in our results, since our surgeons had a high rate of on-pump patency and there were no deaths in either group.
Thus, although off-pump coronary surgery may not be widely applicable, it may be a useful strategy in selected patients, such as those with serious coexisting conditions who have good target vessels. The apparently reduced patency rate in the off-pump group in our study arouses concern about the longterm outcome of this approach, and further clinical trials with longer follow-up are needed.
